The resistive wall mode ͑RWM͒ poses a threat to many plasma confinement devices. The continuous rotation of the wall relative to the plasma makes it appear perfectly conducting, because of the skin effect, but this is ineffective if the perturbation locks to the wall. This raises the question of whether a nonuniformly rotating wall is more effective. In this paper we discuss the effect of such nonuniform wall rotation, in both the toroidal and poloidal directions, on resonant and nonresonant RWMs. In the case of toroidal rotation it is shown that at large wall velocity both the resonant and nonresonant RWMs are stabilized, even though the nonresonant mode rotates with the maximum wall velocity. In the case of poloidal rotation RWMs do not lock to the wall and have a complicated behavior at intermediate velocities. However they are again stabilized by large wall velocity.
I. INTRODUCTION
Resistive wall modes ͑RWMs͒ pose a threat to many plasma confinement devices. They are instabilities that arise because the vessel surrounding the plasma is imperfectly conducting. They would not occur if the wall were a perfect conductor, and grow at a rate determined by the vertical field penetration time of the vessel. One of the earliest observations of a RWM was in a Reversed Field Pinch ͑RFP͒. 1 In a RFP, the fastest growing RWM is typically nonresonant ͑i.e., nowhere is the pitch of the perturbation equal to that of the equilibrium magnetic field͒. This means that the plasma can be considered ideally conducting everywhere. This is also true for the external current-driven kink mode in a tokamak. However, an important RWM in advanced tokamaks is the so-called pressure-driven external kink, which occurs when the plasma exceeds the ''no-wall'' ␤ limit and has been observed in the DIII-D experiment. 2 This mode is essentially toroidal in nature, with the toroidicity and pressure combining to couple neighboring resonant harmonics. It involves nonideal effects at the resonances and must be treated separately.
Bulk rotation of the plasma relative to the wall can result in the plasma ''seeing'' the wall as perfectly conducting, because of the skin effect. However, this stabilizing influence vanishes if the mode ''locks'' to the wall. 3 This has led to the suggestion that there should be a second, rotating wall 4 ͑pos-sibly simulated by a suitable configuration of external sensors and coils 5 ͒: then the mode cannot simultaneously lock to both walls, and may be stabilized. The proposed use of a flowing lithium wall in a power plant 6 leads to a configuration in which the ''wall'' moves poloidally in opposite directions in the upper and lower halves of the poloidal crosssection. Such nonuniform ''rotation'' should also tend to stabilize the RWM as it cannot lock to the wall everywhere. 7 In this paper we analyze the effect of nonuniform wall rotation, in both the toroidal and poloidal directions, on RWM stability. A poloidally varying wall rotation couples different poloidal harmonics ͑labeled by poloidal harmonic number m͒ of the perturbation and leads to a recurrence relation between them. This relation involves the wall timeconstant, the flow velocity and a set of stability indices ⌬ m Ј .
These indices depend on the plasma profiles but are independent of rotation. For our present purposes they are considered as given parameters.
For a specific configuration ͑i.e., given ⌬ m Ј ͒ the problem can readily be solved numerically and we describe some such solutions. However, we first derive some important analytic results that illustrate general features of the problem. These serve to guide and interpret the numerical results. We first investigate the case of toroidal flow VϭV()e z , with e z a unit toroidal vector and the poloidal angle. The basic equation is derived in Sec. II, and the specific case of sinusoidal variation is formulated in Sec. II A. In Sec. II B we investigate the case of small velocity, while in Secs. II C and II D we explore the case of large velocity for nonresonant and resonant modes. This is followed in Secs. II E, II F, and II G by some numerical results, including the critical flow velocity required for stabilization of the ͑nonresonant͒ current-driven and ͑resonant͒ pressure-driven modes in a tokamak.
We then turn to the case of poloidal flow VϭV()e . This problem is formulated in Sec. III and the case of sinusoidal variation is analyzed in Secs. III A, III B, and III C. Numerical results for poloidal flows are presented in Sec. III D, and the special case of a poloidal ''step'' flow with variation VϭV 0 sign() is discussed in Sec. III E. A summary and conclusions are given in Sec. IV.
II. TOROIDAL FLOWS
The starting point for our investigation is the linearized induction equation for the magnetic perturbation b in the wall:
where W is the wall resistivity ͑assumed uniform͒. Decomposing the radial component of b as
͑2͒
and taking a cylindrical limit, the radial component of Eq.
͑3͒
To connect the interior with the exterior ͑vacuum͒ region we integrate Eq. ͑3͒ across the wall ͑radius a,
͑4͒
where ⌬ m Ј is the stability index ͑at the wall͒ of the mth poloidal harmonic, namely the dimensionless discontinuity in the logarithmic derivative of b m across the thin wall:
Thus, if the wall velocity is
then Eq. ͑4͒ gives the difference relation
where we have introduced the wall time constant W ϭa␦ W / W , normalized p to W , and set V 0 ϭkV 0 W . The dimensionless velocity V 0 is the key parameter in the problem; the small parameter ϭ␦ W /a can help numerical convergence but will be neglected in the analysis that follows.
A. Theoretical analysis-Sinusoidal variation
Now we must choose a functional form for V(). A particularly tractable choice is V()ϭ2V 0 sin . Then Eq. ͑7͒ reduces to
͑8͒
A useful insight can be obtained by multiplying Eq. ͑8͒ by b m * and summing over m to find
͑9͒
The right-hand side ͑rhs͒ of Eq. ͑9͒ is purely imaginary, so that
͓a similar result applies for any anti-symmetric V()͔. This identity illustrates how differential rotation can lead to stabilization, even though V 0 does not appear explicitly in it. At V 0 ϭ0 an unstable RWM is associated with a single positive
3 As V 0 increases, the coupling between the b m given by Eq. ͑8͒ will cause the b m spectrum to broaden so that R(p) is influenced by other ⌬ m Ј . At high m these are vacuum-like with ⌬ m Ј ϳϪ2͉m͉, so that the growth rate is reduced below its zero velocity value.
Another feature of Eq. ͑8͒ is that when we reverse the direction of the flow, V 0 →ϪV 0 , the Fourier modes b m →b m exp im, so that if the original b m were of the same sign, those for reversed flow would alternate in sign. However, this phase change has no effect on the growth rate.
B. Small velocity
We first analyze Eq. ͑8͒ for the case of small V 0 . Starting from the V 0 ϭ0 solution, when only one b m is excited and p m ϭ⌬ m Ј , the first order perturbation vanishes ͑in agreement with the fact that V 0 →ϪV 0 has no effect on mode frequency͒. By iterating Eq. ͑8͒ we find
If m now refers to the most unstable RWM at V 0 ϭ0, we have
where is positive. Hence, as expected, V 0 reduces the growth of the most unstable RWM. In the case of the second most unstable mode, the inequalities ͑13͒ are replaced by
͑15͒
and can be of either sign, depending on the relative values of the three largest ⌬Јs.
C. Large velocity, nonresonant modes
We now turn to the case of large rotational velocity V 0 , where we expect a broad spectrum of b m to be excited. We write b m ϭexp i m so that the difference equation ͑8͒ becomes
͑16͒
This suggests that either p or some ⌬ m Ј becomes large as 
͑27͒
which extends to ͉m͉ϳV 0 1/3 . Consequently at large V 0 , R(p) becomes independent of the spectrum at small ͉m͉ and, replacing sums by integrals, tends to
i.e.,
Finally, therefore, at large V 0 ,
Physically this solution corresponds to a stable mode that travels toroidally at the maximum wall speed ͓presumably because mode locking is most effective where V() is stationary in ͔. The frequency, damping and structure of this mode do not depend on ⌬ m Ј ; consequently it is a universal mode, independent of low ͉m͉ features and therefore of the plasma profile!
D. Large velocity, resonant modes
In advanced tokamaks a performance limiting instability is the RWM that arises from the pressure-driven external kink. 2 The mode is essentially toroidal, with resonant sidebands driven by toroidicity and ␤. This does not lend itself readily to analytic investigation. However, a cylindrical model of this mode can be constructed, as demonstrated by Finn, 8 who modeled the toroidal mode by a cylindrical equilibrium that was ideal unstable in the absence of a wall, but had a resonance in the plasma at rϭr s . It was shown in Refs. 9 and 10 that this construction leads to the relation
between the plasma response at the resonant layer, ⌬ 2 Ј(r s ), and the wall response ⌬ 2 Ј(r W ). ͑The subscript 2 indicates that we are taking the internal plasma resonance to be associated with mϭ2.͒ The parameter ⑀Ͼ0 represents the degree of ideal instability in the absence of a wall, ⌬ 2 Ј(r W )→0, and ␦Ͼ0 represents the degree of tearing stability in the presence of an ideal wall, ⌬ 2 Ј(r W )→ϱ.
With this qualitative model, the resonant RWM can be investigated by solving Eq. ͑31͒ for the wall response
given. We take this layer response to be the ''visco-resistive'' form ⌬ 2 Ј(r s )ϭp V / W ͑where V is a hybrid layer time͒ believed to be relevant for many tokamaks. 11 For simplicity we also take V ϭ W . Finally, then, we have for the ⌬ 2 Ј to be used in Eq. ͑8͒:
͑32͒
Note that, unlike the earlier discussion, ⌬ 2 Ј now explicitly depends on p.
The effect of differential wall rotation on resonant RWMs is quite different from the effect in the nonresonant case. This is because the resonant ⌬ 2 Ј→ϱ as p→Ϫ␦. This leads to a narrow spectrum of b m despite the coupling introduced by wall rotation.
Returning to Eq. ͑17͒ we have
͑34͒
Therefore, for mϽ2,
͑35͒
and for mϾ2,
As before, we have to match these two solutions, but now we must do so at mϭ2. As V 0 →ϱ, Eq. ͑35͒ gives b mϩ1 /b m →Ϫ1 for mϽ2 and Eq. ͑36͒ gives b mϪ1 /b m →ϩ1 for mϾ2, so matching these at mϭ2 leads to the dispersion relation
͑38͒
Therefore, as expected, when V 0 →ϱ, p→Ϫ␦. We are only interested in RWMs if the system would be stable with an ideal wall, i.e., if ␦Ͼ0, hence in cases of interest the resonant RWM is stable at large wall velocity. ͑Essentially this stabilization comes about because in this case the skin effect really does make the wall appear ideal.͒ The Fourier spectrum is peaked at mϭ2 and for mϽ2 adjacent harmonics b m have the same phase, whereas for mϾ2 they have opposite phase. As remarked earlier, this behavior is reversed if V 0 →ϪV 0 . Note that this resonant mode does not lock to the wall and that it is again universal, in the sense that it is independent of all ⌬ m Ј except the resonant ⌬ m Ј .
E. Numerical solution of the toroidal flow case
Equation ͑8͒ was solved numerically both by matrix inversion and using a ''shooting'' method. A model is needed for the set of ⌬ m Ј values. Of course, for a specific situation one would determine the equilibrium profile and numerically calculate these quantities. However, for an initial investigation this is not necessary, and we can assign them plausible values. The unstable nonresonant RWM was chosen to be mϭ3 and represented by setting ⌬ 3 Ј to ϩ2. In a cylindrical model the ⌬ Ϯ1 Ј are universal ͑due to the ''top hat'' nature of the eigenfunction͒ and for all equilibria,
where q a is the wall value of the safety factor which we take to be q a ϭ3. The remaining ⌬ m Ј were set to the vacuum response, i.e., ⌬ 0 ЈϭϪ2, ⌬ m Ј ϭϪ2͉m͉.
F. Nonresonant modes
The results of a typical numerical calculation are shown in Fig. 1 . ͑In all figures the solid lines denote a purely real eigenvalue p and the broken and dotted lines denote the real and imaginary parts of a complex eigenvalue.͒ It can be seen that the growth rate of the most unstable RWM ͑pϭ2 at V 0 ϭ0͒ decreases with velocity, in fact in close agreement with Eq. ͑14͒. For this mode the eigenvalue p remains real ͑i.e., the mode does not spin up or lock to the wall͒ and it becomes stable at V 0 Ӎ2.6. Figure 1 also shows two other modes, which are stable at V 0 ϭ0. These coalesce at V 0 Ӎ0.33 and begin to ''spin up,'' as indicated by complex p, eventually approaching the maximum wall velocity ͓Im(p)ϳ2iV 0 , in accord with Eq. ͑30͔͒. Note that this mode has the smallest damping rate for V 0 տ3.9, i.e., at large V 0 the least damped mode is the universal nonresonant mode described in Sec. II C. 
G. Resonant modes
As mentioned earlier, an important mode in a tokamak is the pressure-driven external kink RWM, which is essentially toroidal and involves a resonant plasma layer. In Sec. II D we described a simple cylindrical model that mimics this toroidal mode and leads to the form for ⌬ 2 Ј(r W ),
͑40͒
For numerical work we take ⑀ϭ0.1 and ␦ϭ1.0, keeping other parameters as in the nonresonant calculation. The results are shown in Fig. 2 . At V 0 ϭ0 there is an unstable m ϭ3 RWM with pϭ2, and an unstable mϭ2 mode with p Ӎ0.6, arising from Eq. ͑40͒. We see that as V 0 increases these two modes coalesce ͑at V 0 Ӎ0.8͒ to give modes with complex eigenvalues. These are eventually stabilized at V 0 ϳ2.8. There is also a stable mϭ2 mode, with pϳϪ1.6 at V 0 ϭ0. For this mode p remains real as V 0 increases and for V 0 տ4 it becomes the least damped mode. Its eigenvalue asymptotes to pϭϪ␦ in accord with the analysis in Sec. II D.
III. POLOIDAL FLOWS
The starting point for the analysis of the effect of poloidal wall rotation is again Eq. ͑1͒ where the flow is now V ϭV()e . For a general poloidal flow,
͑41͒
we obtain
where now V 0 ϭV 0 W /a. Note that the toroidal wave number does not appear explicitly in Eq. ͑42͒. As noted earlier, a flowing lithium blanket could be modeled as a counter rotating flow in upper and lower halves of the poloidal crosssection ͓''step flow'' VϭV 0 sign()͔. This would correspond to coefficients v n ϭϪ 2i n , n odd, ͑43͒ ϭ0, n even, and introduces coupling between all Fourier harmonics b m , as well as requiring singularities at ϭ0,. Accordingly, we consider first the much simpler case of sinusoidal variation VϭϪ2V 0 sin ͑which could be approximately realized by a blanket fed by a suitable array of injection and extraction points around the periphery of the tokamak͒.
A. Analysis of poloidal flows-a ''standard model''
For a poloidal flow with a sinusoidal variation, Eq. ͑42͒ reduces to
͑44͒
Although this is similar to the equation for toroidal flow ͓Eq. ͑8͔͒, the two cases are significantly different. With toroidal flow the wall velocity is constant along the direction of motion, whereas with poloidal flow the wall velocity changes, and indeed reverses, along the direction of motion. Consequently we expect ''wall locking'' to be more strongly inhibited with poloidal flows.
A remarkable feature of Eq. ͑44͒ is that positive and negative harmonics ͑m-numbers͒ are decoupled from each other, and b 0 ϭ0 except for the mϭ0 mode ͑which is unaffected by rotation͒. By exploiting these features we can ob- 
͑47͒
Since b() must be periodic, we obtain the exact eigenvalue,
: mϭpositive integer, ͑48͒
with the corresponding eigenfunction b͑ ͒ϭ 1
͑49͒
We see that for this ''standard model,'' all RWMs are stable and the damping rate increases with the wall velocity, asymptotically approaching Ϫ2mV 0 . All eigenvalues are purely real so that, as expected, there is no ''wall locking. 
B. Analysis of poloidal flows-a general large V model
The basis for extending the restricted model to more general cases is the following observation. If we introduce p ϭp/V 0 the fundamental equation becomes
͑50͒
This suggests that at large V 0 ,⌬ m Ј is unimportant unless it is itself large. However, except for the resonant mode, ⌬ m Ј is large only at large m-where it always has the standard value Ϫ2͉m͉. Accordingly we expect that, irrespective of the ⌬ m Ј for small m ͑i.e., irrespective of the plasma profile͒ the eigenvalues of Eq. ͑50͒ will always tend asymptotically to those of the standard model as V 0 increases. This is demonstrated for a single nonstandard ⌬ m Ј , in detail below.
Consider a model in which only one ⌬ m Ј differs from the standard value, i.e., ⌬ m Ј ϭϪ2͉m͉ for m l and ⌬ l Ј is arbitrary. Then, if we carry out the same steps as in solving the standard model, we obtain in place of Eq. ͑46͒,
Eq. ͑51͒ can be written as
͑54͒
where
and h is normalized so that the integration constant is unity. Introducing
and
͑56͒
Eqs. ͑52͒ and ͑54͒ give ͫ 1ϩ
Since h() must be periodic, Eq. ͑54͒ also gives
͑59͒
This equation gives the RWM frequency p in a form that involves only standard integrals. Its immediate importance is that it can be shown ͑see the Appendix͒ that the expression on the right hand side of Eq. ͑59͒ tends to zero as V 0 →ϱ.
Thus, irrespective of ⌬ l Ј the eigenvalues p approach those of the standard model as the rotation speed increases.
C. Marginal stability and pÄ0
An 
Thus, if ⌬ 1 ЈϾ0, the critical velocity V c at which pϭ0 is
This is in accord with the fact that there is a single unstable mode at V 0 ϭ0 that becomes stable at V 0 ϭV c , and V c is the true stability boundary. ͑If ⌬ 1 ЈϽ0 there is no real velocity for which pϭ0 as all modes are stable for all V 0 .͒ The situation is more complicated when more than one ⌬ m Ј differs from its standard value. For example, when ⌬ 1 Ј and ⌬ 2 Ј are nonstandard we have, for mϭ1,
and for mϭ2,
so that matching b 3 /b 2 to b m ϭ m gives for the critical velocity
Ϫ1. ͑67͒
As a function of ⌬ 1 Ј ,⌬ 2 Ј there are now several distinct regimes, as shown in Fig. 3 . has no valid roots. This is despite the fact that there are two unstable eigenvalues at V 0 ϭ0 that become stable as V 0 →ϱ. This is an indication that the eigenvalues become complex before stabilization. ͑ii͒
In region B, with ⌬ 2 ЈϽ f (⌬ 1 Ј) and ⌬ 1 ЈϾ2, Eq. ͑67͒ has two real roots. In this case the larger root may represent the marginal stability boundary but, as in ͑b͒ above, this is not always the case.
We now examine the behavior in each of these regions in detail.
D. Numerical solution with poloidal flow
We have investigated each of the distinct regions identified in the previous section by numerical computation, again using matrix inversion and a shooting code. In both methods, particularly at high V 0 , great care must be taken to retain an appropriate number of b m . A summary of the results is as follows. eigenvalues develop as V 0 increases. They may remain real for all V 0 , tending asymptotically to Ϫ2mV 0 , or two eigenvalues may coalesce and give rise to a pair of stable complex eigenvalues. In Fig. 4 (⌬ 1 ЈϭϪ1,⌬ 2 Ј ϭϪ4) the uppermost eigenvalue emanating from p ϭϪ1 at V 0 ϭ0 remains real for all V 0 whereas the next eigenvalue, emanating from pϭϪ4, coalesces with a third eigenvalue and gives rise to a pair of stable, complex eigenvalues. In Fig. 5 (⌬ 1 ЈϭϪ3,⌬ 2 Ј ϭϪ4) two stable eigenvalues also coalesce and give rise to a complex pair, but later these revert to two real eigenvalues and asymptotically approach Ϫ2mV 0 .
͑b͒ In regions C (⌬ 1 ЈϽ0,⌬ 2 ЈϾ0) and E (⌬ 1 ЈϾ0,⌬ 2 ЈϽ0) there is one unstable and one stable eigenvalue at V 0 ϭ0 and two typical ways for these eigenvalues to behave as V 0 increases. In Fig. 6 (⌬ 1 ЈϭϪ0.1,⌬ 2 Јϭ0.5) the stable eigenvalue is first driven unstable as V 0 increases. Subsequently it coalesces with the other unstable eigenvalue to give rise to unstable complex eigenvalues. These are eventually stabilized as the velocity increases further. Clearly the point pϭ0 at V 0 Ӎ0.2 does not define the stability boundary in this case. In Fig. 7 (⌬ 1 ЈϭϪ1.0,⌬ 2 Јϭ0.5) the unstable eigenvalue is first stabilized at V 0 Ӎ0.4 and only at higher V 0 do the eigenvalues coalesce and give rise to stable complex eigenvalues. In this case pϭ0 does define the marginal stability boundary. ͑c͒ In regions A 1 and A 2 there are two unstable eigenvalues at V 0 ϭ0 and their typical behavior is illustrated in Fig. 8 (⌬ 1 Јϭ2.0,⌬ 2 Јϭ0.5). In this case the unstable eigenvalues first coalesce as V 0 increases and give rise to unstable complex eigenvalues. These are subsequently stabilized as V 0 increases beyond Ӎ1.8. There is no point pϭ0, in accord with the analysis of Sec. III C. ͑d͒ In region B there are again two unstable eigenvalues at V 0 ϭ0, and two typical ways in which they develop. In stabilized before they coalesce to give complex eigenvalues. In this case the higher point pϭ0 does define the marginal stability boundary.
It is clear from these examples that with nonuniform poloidal wall rotation the behavior of RWMs is complicated-though they are always stabilized at a sufficiently high velocity. Modes with complex p frequently arise, but they are not associated with simple wall-locking, as was the case with toroidal rotation.
E. Step flow
The work so far described concerns the effect of wall rotation with sinusoidal variation in velocity. We have also carried out a limited investigation of a ''step flow'' variation of poloidal velocity, VϭV 0 sign(), such as might represent a simple form of a flowing lithium wall blanket.
As noted earlier, for a step flow variation of velocity all Fourier harmonics b m are directly coupled. In particular, the positive and negative m numbers are not decoupled as they are for sinusoidal variation. The effect of this coupling between distant Fourier modes can be seen in Fig. 11 . This shows the critical velocity required for stability as a function of ⌬ 3 Ј when all other ⌬ m Ј are fixed. ͓In 
͑69͒
By mapping the half plane Re(p)Ͻ0 on to the complex F plane it can be shown that solutions of Eq. ͑69͒ correspond to stable modes provided
so the larger of Eq. ͑70͒ and Eq. ͑71͒ defines the critical velocity. ͓Only when the critical velocity is given by Eq. ͑70͒ does it also correspond to pϭ0.͔ It is interesting that in Fig. 11 the ''three harmonic'' approximation agrees well with the full calculation when ⌬ 3 ЈՇ5, but differs markedly for larger ⌬ 3 Ј . Indeed in the three harmonic approximation the critical velocity →ϱ as ⌬ 3 Ј→20/3 whereas the full calculation remains finite. Another interesting feature is that the point at which the critical velocity ceases to be given by pϭ0 in the full step flow calculation is also at ⌬ 3 ЈӍ20/3.
IV. SUMMARY AND CONCLUSIONS
It is well known that Resistive Wall Modes are influenced by rotation of the wall relative to the plasma-because the skin effect makes the wall appear as an ideally conducting boundary. However, this effect disappears for perturbations that lock to the wall rather than to the plasma. 3 In this work we have examined the effect of nonuniform wall rota- tion on RWMs in a torus. Nonuniform rotation should inhibit locking to the wall and may therefore provide stabilization of RWMs. For a poloidally varying rotation, in either the toroidal or poloidal directions, the growth of RWMs is given as the eigenvalue p of a difference equation that depends only on the wall penetration time, W , the wall velocity V() and a set of indices ⌬ m Ј . These indices depend on the plasma profile but are independent of wall rotation. Thus the problem is separated into two parts: ͑i͒ the determination of stability indices from the equilibrium profile and ͑ii͒ the determination of the effect of rotation when the indices are given. We have considered only problem ͑ii͒ here.
For a poloidally varying rotation in the toroidal direction we indeed find that rotation always reduces the growth rate of the most unstable mode below its zero velocity value. At high velocity, with a sinusoidal variation, we have shown analytically that RWMs tend to a universal damped nonresonant mode with pϳ2iV 0 ϪV 0 1/3 . This mode is peaked in poloidal angle and rotates toroidally at the maximum wall velocity V 0 . It is independent of the parameters ⌬ m Ј , and therefore of the plasma profile. There may also be a damped resonant mode at high velocity that does not rotate. This is also universal in that it is independent of all ⌬ m Ј except the resonant one. Its damping rate is determined, through the resonant ⌬ m Ј , by the plasma response in the resonant layer-as explained in Sec. II D.
Numerically, for a set of tokamak-like indices ⌬ m Ј , which correspond to a single mϭ3 unstable mode at V 0 ϭ0, we find that this unstable mode does not rotate as the velocity increases: its growth rate diminishes and it is stabilized at V 0 Ӎ2.6. Its damping rate then increases with V 0 and at V 0 ϳ4.0 it ceases to be the least stable mode. For V 0 տ4 the least stable mode is the complex frequency, wall locked, universal mode described above, with p asymptotic to 2iV 0 ϪV 0 1/3 as V 0 →ϱ. For a set of parameters representing a system with an unstable resonant mϭ2 mode as well as an unstable nonresonant mϭ3 mode at V 0 ϭ0, we find as V 0 increases these two modes coalesce to form complex frequency modes which are stabilized at V 0 Ӎ2.8. As in the previous numerical example, their damping then increases with V 0 until at V 0 Ӎ4.0 they also cease to be the least stable modes and are replaced by the universal resonant mode.
The case of nonuniform wall rotation in the poloidal direction differs considerably from that of toroidal rotation. The wall velocity is no longer constant along the direction of motion so an element of plasma experiences a varying, and indeed reversing, wall motion. Consequently wall locking is further inhibited and more complicated mode interactions occur. For the parameter range examined ͑Ϫ3Ͻ⌬ 1 ЈϽ5, Ϫ4Ͻ⌬ 2 Ј Ͻ0.5͒ coalescence occurs in the region 0.2ՇV 0 Շ3. Eventually at sufficiently high velocity the eigenvalues must approach the standard values, though we have shown this numerically only in a few cases because of the difficulty in computing solutions for large V 0 .
In addition to the studies of the effect of sinusoidal variation in wall velocity we have carried out a limited examination of the effect on RWMs of a step variation V ϭV 0 sign() in wall velocity, such as might arise in the simplest form of a flowing lithium blanket. This step flow introduces additional long range coupling between poloidal Fourier modes. In a study of the critical velocity required for stability as a function of ⌬ 3 Ј , with other ⌬ m Ј fixed, we found that these additional couplings introduce little change when ⌬ 3 ЈϽ5. Indeed the results for ⌬ 3 ЈϽ5 were well reproduced by a simple model retaining only three harmonics. However, for ⌬ 3 Јտ5 the computations with a full interaction between harmonics Ϫ40ϽmϽ40 differed dramatically from the three harmonic model ͑in which the critical velocity →ϱ when ⌬ 3 Ј→20/3͒.
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APPENDIX: BEHAVIOR OF THE I 1 , I 2 , I 3 INTEGRALS AT LARGE FLOW
In this appendix we consider the large V 0 behavior of the integrals I 1 , I 2 , I 3 required to determine the eigenvalue p when all ⌬ m Ј have their standard values except for mϭl.
As we will see, the correction to the standard eigenvalue is small when V 0 is large, so we may evaluate I 1 , I 2 , and I 3 at pϭϪ2m ͱ 1ϩV 0 2 . ͑i͒ The integral I 1 ,
